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The job of the spindle in cell division is to separate the 
correct chromosomes to opposite poles so that the two 
daughter cells each receive a full complement of the ge- 
netic material. The truly remarkable aspect of this process 
is its accuracy--the chromosome loss rate per mitotic divi- 
sion is on the order of 10 -~ in Sacchromyces cerevisiae. 
The two daughter cells normally each receive one and only 
one sister chromatid from every chromosome in mitosis or 
one and only one of the two possible homologs of each 
chromosome pair in the reductional division of meiosis 
(usually meiosis I). 
To accomplish this astonishing feat, the spindle and 
chromosomes work together to do three crucial things. 
First, and most essential to the accurate segregation of 
the genetic material, the sister chromatids (mitosis) or pa- 
ternal and maternal homologs (meiosis) attach to microtu- 
bules extending from opposite poles of the spindle. Physi- 
cal pairing between sister chromatids or homologs helps 
assure biorientation, holding mitotic sister kinetochores 
toward opposite poles and allowing a buildup of tension 
across bioriented meiotic bivalents that stabilizes their 
connections to opposing spindle poles (Ault and Nicklas, 
t989; Nicklas and Ward, 1994). Second, the bioriented 
chromosomes tend to align midway between the two spin- 
dle poles. This metaphase alignment may help assure that 
both partners reach their target poles in time to be included 
in the daughter nucleus formed there at telophase. Third, 
the oppositely oriented sister chromatids or homologs sep- 
arate and move toward their respective poles in anaphase. 
Recent work on microtubule motor proteins is beginning 
to provide an outline of the mechanistic basis underlying 
forces that act on chromosomes to accomplish these tasks 
(Mclntosh and Pfarr, 1991; Rieder, 1991). Three papers 
in this issue of Cell (Afshar et al., 1995; Vernos et al., 1995; 
Murphy and Karpen, 1995) suggest a molecular mecha- 
nism to account for motion of chromosomes and chromo- 
some arm fragments away from the spindle poles in pro- 
metaphase. This motion is likely to play an important role 
in allowing chromosomes to achieve bipolar attachment 
to the spindle and could also contribute to the balance of 
forces that align chromosomes at the metaphase plate 
(Rieder and Salmon, 1994). 
Chromosomes Behave as if Force Varies 
with Distance from the Pole 
In 1950, C)stergren proposed that bioriented chromo- 
somes align at the metaphase plate because the poleward 
force exerted at each kinetochore was proportional to the 
distance from kinetochore to spindle pole. Th us, the forces 
on opposing kinetochores would tend to move bioriented 
chromosomes located closer to one pole back toward the 
equator. Indeed, the off-center metaphase position of mei- 
otic trivalents was found to be consistent with forces on 
opposing kinetochores being directly proportional to 
length of the kinetochore fibers (Hays et al., 1982). 
Ostergren's formulation sparked an extensive search 
for a force-generating mechanism distributed along the 
length of kinetochore microtubules. However, this was dif- 
ficult to reconcile with the emerging picture of the kineto- 
chore as the site of the motor mechanism pulling chromo- 
somes toward the pole (reviewed by Mclntosh and Pfarr, 
1991 ; Rieder, 1991) and recent evidence that there is con- 
siderable shortening of kinetochore microtubules at the 
pole in late anaphase A (Mitchison and Salmon, 1992). 
Kinesin.Related Motor Proteins on Chromosome 
Arms Influence Chromosome Position 
on the Spindle 
Two papers in this issue of Cell reveal a possible molecular 
mechanism for why chromosomes behave as if poleward 
force is proportional to kinetochore fiber length. Vernos 
et al. (1995) and Afshar et al. (1995) both describe mem- 
bers of the kinesin-related family of microtubule motor pro- 
teins that are distributed along chromosome arms and 
appear to act to hold chromosomes away from the spindle 
poles. These proteins could provide a molecular basis for 
the polar ejection force proposed to counteract he pole- 
ward force exerted on chromosomes at kinetochores (Car- 
penter, 1991; Rieder and Salmon, 1994). The direction of 
movement along microtubules has not been demonstrated 
for either protein. However, a reasonable hypothesis is 
that, like the original kinesin (Vale et al., 1985), the proteins 
described by Vernos et al. (1995) and Afshar et al. (1995) 
act as plus end-directed microtubule motors to pull chro- 
mosome arms away from the spindle pole. 
Vernos et al. (1995) show that the Xenopus kinesin- 
related microtubule-binding protein Xklpl is distributed 
along chromosome arms in mitosis and provide evidence 
that it is required to maintain alignment of chromosomes 
at the metaphase plate. Depletion of Xklpl mRNA from 
oocytes by injection of antisense oligonucleotides caused 
mitotic defects in subsequent embryonic divisions. Anti- 
body depletion of Xklpl protein from frog egg extracts 
caused defects in spindle structure and chromosome 
alignment in spindles assembled in vitro in the treated 
extracts. Bipolar mitotic spindles appeared to assemble 
normally up through the point of prometaphase capture 
of microtubules by kinetochores. However, instead of 
aligning at the metaphase plate, chromosomes were delo- 
calized along the spindle axis and were in some cases 
lost from the spindle. In addition, the bipolar spindles 
formed had lower than normal density of equatorial micro- 
tubules and appeared to break apart into monopoles, sug- 
gesting an additional function for Xklpl in organizing or 
stabilizing (or both) the central spindle (Vernos et al., 
1995). An apparent homolog of Xklpl from chicken is also 
localized on chromosome arms in mitosis and has DNA- 
binding activity (Wang and Adler, 1995). 
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Along similar lines, Afshar et al. (1995) demonstrate that 
the Drosophila kinesin-related protein nod binds directly 
to AT-rich DNA via its nonmotor tail, which contains repeat 
sequences homologous to the DNA-binding domains of 
high mobility group proteins, and that nod protein is distrib- 
uted along the chromosome arms during female meiosis 
(Afshar et al., 1995). Previous cytological evidence had 
indicated that this protein, the product of the nod locus of 
Drosophila, functions to keep nonexchange chromo- 
somes associated with the nascent spindle during early 
prometaphase and to hold them away from the spindle 
poles in metaphase of meiosis I in females (Theurkauf 
and Hawley, 1992). Murphy and Karpen (1995) provide 
evidence that nod protein functions on chromosome arms. 
Using a series of deletion derivatives of a Drosophila mini- 
chromosome, Murphy and Karpen mapped multiple re- 
gions of subteleomeric and centric heterochromatin that 
act in cis to facilitate nod function in preventing chromo- 
some loss. Taken together, the physical binding studies 
of Afshar et al. (1995) and the genetic analysis of Murphy 
and Karpen (1995) make a case for direct function of nod 
protein along chromosome arms. 
Distribution of the nod kinesin-like motor protein along 
chromosome arms was predicted by the relative positions 
of the tiny fourth chromosomes and nonrecombinant X
chromosomes in meiosis I-arrested oocytes. In wild-type 
Drosophila females, the fourth chromosomes, which never 
recombine, leave the central chromosome mass and move 
poleward prematurely because they lack the physical at- 
tachments between homologs provided by chiasmata. 
However, the nonrecombinant chromosomes move only 
part way to the poles and then pause, awaiting the meta- 
phase-anaphase transition to complete their poleward mi- 
gration. Size influences where the chromosomes top. In 
nod/+ heterozygous females, nonrecombinant X chromo- 
somes generated using appropriate inversions move pole- 
ward also, but pause at a position much closer to the main 
chromosomal mass than the smaller fourth chromosomes 
on the same spindle (Theurkauf and Hawley, 1992). The 
simplest explanation of this striking observation is a force- 
generating mechanism pushing chromosomes away from 
the pole that increases with proximity to the pole and acts 
upon or is located along the chromosome arms. Chromo- 
some position on the spindle is determined bythe net sum 
of this polar ejection force and the counteracting poleward 
force exerted via kinetochore attachments (Carpenter, 
1991). In nod mutant oocytes, nonexchange chromo- 
somes are not correctly positioned on the spindle, sug- 
gesting that wild-type nod contributes to the polar ejection 
force (Theurkauf and Hawley, 1992). 
There is genetic evidence that the nod motor can act 
in mitosis as well as meiosis, nod transcripts are detected 
in mitotically active germline cells in the ovary and are 
present hroughout at least the first half of embryogenesis, 
when the bulk of the embryonic mitotic divisions take place 
(Zhang et al., 1990). Homozygous nod females have de- 
fects in meiosis II and produce offspring that suffer loss 
of maternally derived chromosomes in the first few mitotic 
divisions (Zhang and Hawley, 1990). A dominant antimor- 
phic allele of nod (called DTW after its discoverer, Ted 
Wright) causes severe mitotic defects in homozygotes. 
The nod° ~ mutation results in an amino acid substitution 
in the GX4GKT/S putative ATP-binding/hydrolysis motif 
highly conserved among motor proteins like kinesins and 
myosins, converting the GKS of nod to GKN (Rasooly et 
al., 1991). A simple explanation of the mitotic effects of 
nod °Tw is that nod protein is normally expressed and active 
in mitosis and that the defective protein encoded by the 
nod °zw allele tends to bind irreversibly to microtubules, 
locking chromosomes arms away from the poles. 
Wild-type function of nod is not essential for mitosis in 
flies, however. This could be due to genetic redundancy. 
The product of an as yet unidentified gene, possibly a 
homolog of Xklpl,  might also serve a function similar to 
nod in mitosis. Alternatively, nod function might not be 
essential in mitosis because of mechanistic redundancy. 
Alternative means to hold the chromosomes away from 
the poles might be built into the mechanisms of mitosis 
to back up this important process. Mitosis may be rife with 
mechanistic redundancy. For example, there appear to 
be at least two mechanisms that separate spindle poles. 
A mechanism that pulls spindle poles apart via astral mi- 
crotubules is prominent in higher eukaryotes (see, for ex- 
ample, Waters et al., 1993), while work in diatoms and 
yeast suggests that spindle poles can be pushed apart 
via the microtubules of the central spindle (Hogan et al., 
1992; Sullivan and Huffaker, 1992). In all likelihood, many 
cell types employ both mechanisms to a greater or lesser 
degree, such that knocking out one of the two systems 
may not cause a dramatic phenotype. 
Action of Kinesin.Related Motor Proteins 
on Chromosome Arms Could Contribute 
to the Polar Ejection Force 
If nod/Xklpl-like motor proteins distributed along chromo- 
some arms act to hold chromosomes away from the poles 
in mitosis, they could contribute to the molecular mecha- 
nism responsible for holding mono-oriented chromo- 
somes away from the pole in prometaphase and for ejec- 
tion of severed chromosome arms from the spindle (Ault 
et al., 1991; Rieder et al., 1986). In newt lung cells, 
centrosome separation often precedes nuclear envelope 
breakdown, and early in prometaphase, chromosomes 
frequently become attached to only one of the astral micro- 
tubule arrays. The mono-oriented chromosomes crowd 
around the pole, oscillating in and out, but on average 
maintain a certain distance from it. When a chromosome 
arm was severed with a laser microbeam, the main part 
of the chromosome, which contained the kinetochore, 
moved closer to the pole while the severed arm immedi- 
ately moved away from it. Ejection of the severed fragment 
was microtubule dependent and also occurred if the start- 
ing chromosome was on a bipolar spindle (Rieder et al., 
1986). Rieder et al. (1986) proposed that the chromosome 
fragment was pushed away from the pole by elongation 
of dynamic astral microtubules. The results of Vernos et 
al. (1995) and Afshar et al. (1995) suggest that the polar 
ejection force could at least in part be due to kinesin- 
related proteins located along chromosome arms, either 
acting as motors to draw chromosomes toward the plus 
ends of astral m icrotubules or as couplers to connect astral 
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microtubule growth to pushing force on chromosome 
arms. If so, other large subcellular structures expelled by 
the polar ejection force could also be associated with mem- 
bers of the kinesin-related protein superfamily. 
Action of nod/Xklpl-like motor proteins distributed along 
chromosome arms could also contribute to movement 
away from the spindle pole during the striking oscillatory 
behavior of mono-oriented chromosomes in prometa- 
phase. When mitotic chromosomes first capture spindle 
microtubules, one kinetochore of a chromosome attaches 
laterally to an astral microtubule and then slides rapidly 
along it toward its pole (Rieder and Alexander, 1990). The 
chromosome typically then reverses direction and under- 
goes a series of antipoleward and poleward oscillations, 
even in the absence of connection to microtubules from 
the opposite pole (Skibbens et al., 1993; Cassimeris et 
al., 1994). Before or during this oscillation period, kineto- 
chore microtubules come to lie with their plus ends em- 
bedded in the kinetochore. Motion away from the pole 
appears to be a consequence of two different forces, polar 
ejection force acting along chromosome arms and plus 
end-directed (antipoleward) kinetochore motors coupled 
with elongation of kinetochore microtubules. Plus end- 
directed motors within the kinetochore have been demon- 
strated in vitro (Hyman and Mitchison, 1991). The pushed-in 
appearance of kinetochores during chromosome move- 
ment away from the pole suggests that kinetochores also 
actively move toward microtubule plus ends in vivo (Skib- 
bens et al., 1993). However, the appearance of oscillating 
chromosomes indicates that the major force for antipole- 
ward movement is exerted on chromosome arms, as the 
arms, not the kinetochore, lead motion away from the pole 
(Rieder et al., 1986; Skibbens et al., 1993). Plus end- 
di,"ected motor proteins in the kinetochore could serve to 
maintain microtubule attachment in vivo while the major 
force for antipoleward motion is provided by nod/Xklpl-like 
proteins acting on chromosome arms. 
Movement of mono-oriented chromosomes away from 
the pole may enhance the probability of interaction be- 
tween the unoccupied kinetochore and microtubules ema- 
nating from the opposite spindle pole, facilitating bipolar 
chromosome attachment. As such, it would be a crucial 
part of the mechanism specifying that sister chromatids 
segregate to opposite poles of the spindle when the chro- 
mosomes separate in anaphase. Indeed, the ability to 
move chromosomes away from the poles in early prometa- 
phase may be the most important role of nod/Xklpl-like 
chromosomal motors in mitosis and their original raison 
d'etre. 
Tension from Opposing Forces Acting on the 
Kinetochore and Chromosome Arms Could 
Regulate Kinetochore Motility and Alignment 
at the Metaphase Plate 
Skibbens et al. (1993) and Rieder and Salmon (1994) have 
proposed that the characteristic oscillations between pole- 
ward and antipoleward chromosome movement in pro- 
metaphase result from abrupt switches between minus 
end-directed and plus end-directed kinetochore motor 
activity controlled by tension experienced at the kineto- 
chore. For mono-oriented chromosomes, they posit that 
poleward movement of kinetochore motors pulls chromo- 
somes into regions of high microtubule density, where 
chromosome arms are subject to increased polar ejection 
force. The resulting increased tension on the kinetochore 
causes a switch to antipoleward kinetochore motility, 
allowing chromosomes to move away from the pole until 
the decrease in polar ejection force reduces tension 
enough to allow a switch back to poleward motion. An 
essential feature of this model is that the magnitude of 
the poleward force exerted at kinetochores can be largely 
independent of distance from the spindle pole. However, 
the opposing polar ejection force increases with proximity 
to the pole, presumably because increased microtubule 
density allows more opportunity for the nod/Xklpl -like mo- 
tors to act. The net result is that poleward force on chromo- 
somes decreases with proximity to the pole, satisfying Ost- 
ergren's hypothesis that poleward force is proportional to 
kinetochore fiber length. The concept of kinetochores as 
tensometers is supported by classic and recent experi- 
ments by Nicklas and colleagues indicating that tension 
on the chromosome-kinetochore microtubule complex 
plays a profound role both in stabilizing kinetochore fiber 
attachment o the spindle pole when meiotic bivalents be- 
come bioriented (Ault and Nicklas, 1989; Nicklas and 
Ward, 1994) and in signaling the metaphase-anaphase 
transition (Li and Nicklas, 1995). 
Action of kinesin-related motor proteins on chromosome 
arms may provide a key mechanism for alignment of chro- 
mosomes at the metaphase plate. During congression of 
bioriented chromosomes toward the spindle equator, the 
duration of episodes of kinetochore movement away from 
the nearest pole increases, while duration of poleward 
movements decrease (Skibbens et al., 1993). Skibbens 
et al. (1993) and Rieder and Salmon (1994) suggested that 
bipolar chromosome attachment has the immediate ffect 
of increasing tension on the proximal kinetochore, switch- 
ing it to plus end-directed (antipoleward) motility. The ef- 
fects of the polar ejection force contribute to tension on the 
proximal kinetochore. However, they and the antipoleward 
movement of the proximal kinetochore would decrease 
tension on the distal kinetochore, allowing it to maintain 
minus end-directed (poleward) motility. The net result is 
motion of the chromosome toward the metaphase plate. 
At the equator, ejection forces from the two poles cancel, 
and the chromosomes resume oscillation. Polar ejection 
forces from the two equidistant spindle poles probably still 
affect the chromosome arms, displacing them outward, 
perpendicular to the spindle axis (Rieder et al., 1986). 
Once the attachment between mitotic sister chromatids 
is released at the metaphase-anaphase transition, the 
poleward force exerted at the mono-oriented kinetochores 
could be strong enough to overcome the polar ejection 
force and move chromosomes poleward. Indeed, contin- 
ued action of the polar ejection force could account for the 
classic swept back appearance of anaphase chromosome 
arms. It could also contribute to the so-called governor, 
a microtubule-dependent force that slows the rate of pole- 
ward chromosome migration in anaphase (Nicklas, 1983). 
Alternatively, the polar ejection force could be down- 
regulated or the poleward ki netochore force increased ow- 
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ing to cell cycle changes. This may be necessary in Dro- 
sophila female meiosis, where loss of attachment between 
homologs is alone insufficient o allow chromosomes to 
move completely to the poles prior to anaphase. 
The above models illuminate both the behavior of nonre- 
combinant chromosomes during meiosis I in Drosophila 
females and the effects of nod mutations. In the special 
case of meiosis I in Drosophila fema.les, chromosomes 
are tightly clustered in a karyosome prior to spindle assem- 
bly and do not have to congress. Instead, the spindle arises 
as a radial array of microtubules centered on the chromatin 
mass and then reorganizes into a bipolar structure (Theur- 
kauf and Hawley, 1992), presumably by action of yet 
another kinesin-related motor protein, the minus end- 
directed product of the ncd locus (reviewed by Endow, 
1993). Nonrecombinant homologs must initially be associ- 
ated, as they become attached to microtubules bundled 
toward opposite poles. However, the nonrecombinant 
chromosomes lose their association and are drawn toward 
opposite spindle poles by forces acting at the kinetochore. 
Early on, when the spindle is short, polar ejection forces 
might be sufficient o hold nonrecombinant chromosomes 
within the bulk chromosome mass. As the spindle elon- 
gates, the nonrecombinant chromosomes are drawn out- 
ward via their kinetochore fibers, perhaps simply moving 
with the pole to which they are tethered. The univalents 
behave essentially as mono-oriented chromosomes in mi- 
tosis, remaining held away from the poles by the polar 
ejection force and ceasing net motion toward the pole at 
the point where poleward force exerted at the kinetochore 
is balanced by the antipoleward force exerted along the 
chromosome arms. Tension caused by the opposition of 
polar ejection forces and poleward movement at the kinet- 
ochore could serve to maintain attachment of the chromo- 
somes to the spindle. When nod function is lowered or 
missing, owing either to nod mutations or deletion of cis- 
acting nod-binding sites, there is insufficient ension, and 
the univalents become detached from the nascent spindle. 
Alternatively, the univalents could simply run unopposed 
off the minus end of their kinetochore microtubules. Loss 
of nod function does not affect homologs held together 
by chiasmata because their bipolar orientation generates 
sufficient tension across the kinetochore-kinetochore fi- 
ber assembly to stabilize attachment to the spindle 
(Nicklas and Ward, 1994). U nivalents lost from the nascent 
spindle can later be recaptured and drawn to either pole, 
leading to the high frequency of nondisjunction character- 
istic of nod mutants. However, in the absence of the polar 
ejection force, these chromosomes often reside too close 
to the pole at metaphase (Theurkauf and Hawley, 1992). 
A new picture of the forces that act on chromosomes 
in prometaphase and metaphase is emerging. Chromo- 
somes interacting with the spindle may be like kites, blown 
outward from the pole by the polar winds, yet tethered to 
and drawn toward the pole by their attachment to kineto- 
chore microtubules. Unlike the kite analogy, much of the 
force pulling chromosomes toward the pole appears to be 
exerted at the kinetochore. Like the kite, however, force 
away from the pole acts along the chromosome arms and 
is proportional to the size of the sail. The chromosome 
arms are not just passive cargo, but may play an active 
role in chromosome movement on the spindle. Finally, the 
results of Vernos et al. (1995) raise the intriguing possibility 
that kinesin-related motor proteins distributed along chro- 
mosome arms play an important additional role in spindle 
assembly itself. Binding of microtubules to chromosome 
arms may stabilize, organize, and maintain nonkineto- 
chore microtubules in the region between the poles, help- 
ing to convert a pair of asters into the classic spindle 
structure. 
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